The numerical investigations on flow structure, heat transfer characteristic and thermal performance in a circular tube heat exchanger with various shapes of winglet vortex generators are reported. The rectangular winglet vortex generators (RWVG), delta winglet vortex generators (DWVG) and curve winglet vortex generators (CWVG) are inserted in the middle of the test tube on both downstream and upstream arrangements. The effects of blockage ratios; BR = 0.1 -0.3, with single pitch ratio (PR = 1) and flow attack angle (α = 30 o ) on thermal performance are studied for the Reynolds numbers; Re = 100 -2000. The numerical results are presented in terms of flow and heat transfer patterns; tangential velocity vectors, temperature distributions, local Nusselt number distributions, and compared with the smooth tube. As the results, it is found that the use of the winglets performs higher heat transfer rate, friction factor and thermal performance higher than the smooth tube for all cases. The rise of BR and Re leads to enhance on both the heat transfer rate and friction loss due to the stronger vortex flow. The RWVG provides the highest heat transfer rate and friction loss, while the DWVG gives the reversed result. The downstream arrangement produces higher heat transfer rate than the upstream. In addition, the thermal enhancement factor is found to be maximum at BR = 0.2, Re = 1000, for RWVG with pointing downstream around 2.52.
INTRODUCTION 1
Winglet is a type of the vortex generator, which always use in the tube or channel heat exchanger to augment the heat transfer rate and thermal performance. The winglet can improve the heat transfer rate and performance by creating the vortex flow, swirling flow and impinging flow in the tube. The difference of the winglet geometry may lead to variations of the flow and heat transfer behavior. It is necessary to understand the mechanism in the heat exchanger that installed with the winglet vortex generators. The understanding of flow and heat transfer profiles is a way to develop the new design of the compact heat exchanger. The investigations on flow and heat transfer in the tube heat exchanger had been reported by many researchers on both numerical and experimental methods.
For examples, Min and Zhang (2014) numerically investigated on flow configuration and mass transfer in a membrane channel with rectangular winglets for the Reynolds number, Re = 400 -1000. They used the rectangular winglets as longitudinal vortex generators to enhance the heat transfer rate. Gholami et al. (2014) studied the heat transfer improvement in a fin-and-tube heat exchanger with 30 o wavy rectangular winglet vortex generators; wavy-up and wavy-down, by using an experimental method for the Reynolds number, Re = 400 -800. They stated that the wavy rectangular winglet vortex generators can augment heat transfer rate with a moderate pressure loss penalty, especially, wavy-up case. Chokphoemphun et al. (2015) experimentally investigated a tube heat exchanger inserted with 30 o winglet vortex generators on heat transfer and pressure loss for turbulent regime, Re = 5300 -24,000. The effects of pitch ratios and blockage ratios for the winglet vortex generators were reported. They stated that use of the * Corresponding author. Email: kjwithad@kmitl.ac.th winglet vortex generators gives the Nusselt number around 2.03 -2.34 times higher than the smooth tube. They also claimed that the tube inserted with the winglet vortex generators performs higher thermal performance than the use of wire coil and twisted tape. Caliskan (2014) studied the heat transfer enhancement with punched triangular vortex generators (PTVGs) and punched rectangular vortex generators (PRVGs) in an AR = 2 rectangular channel. The effects of the flow attack angles; 15 o , 45 o and 70 o with single transverse pitch ratio and blockage ratio were presented for Re = 3288 -37,817. Caliskan (2014) reported that the PTVG produces the best heat transfer performance and the augmentation of heat transfer rate is around 23 -55%. Saha et al. (2014) reported the performance assessment in a plate-fin heat exchanger with winglet type vortex generators. The rectangular winglet pair (RWP) and the delta winglet pair (DWP) with common-flow-up and common-flow-down arrangements were studied. They concluded that the strong secondary flow, which created by vortex generators, helps to a better fluid mixing and enhancing heat transfer rate. They also stated that the RWP gives higher heat transfer rate than the DWP. presented the use of novel longitudinal vortex generators in a fin-and-tube heat exchanger to improve thermal performance. They combined between rectangular wing and trapezoidal wing as the new type of the vortex generators. They indicated that the use of the new type vortex generators gives the heat transfer rate and pressure loss around 1.8 -24.2% and 1.3 -29.1%, respectively, when compared with the base case. Li et al. (2015) numerically investigated the flow structure and heat transfer behavior in a fin-and-tube heat exchanger with longitudinal vortex generators; rectangular and delta winglets. As their results, the rectangular winglet provides higher heat transfer rate than the delta winglet. They concluded that the best thermal performance is found at the flow attack angle of 25 o and 45 o for the rectangular winglet and delta winglet, respectively. Delac
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Available at www. ThermalFluidsCentral.org et al. (2014) numerically studied heat transfer improvement in a fin-andtube heat exchanger with downstream rectangular winglet vortex generators. The influences of the flow attack angles; 5 o , 10 o and 20 o , for the winglet vortex generators were studied for Re = 350 -2200. They presented that the high values of flow attack angle and winglet high perform enlarge pressure loss. Hsiao et al. (2014) reported the investigations on flow and heat transfer behaviors a micro-channel heat exchanger with rectangular winglet pairs. They found that the rectangular winglet provides a better fluid mixing by generating longitudinal vortices through the test channel. Zdanski et al. (2015) studied the effects of delta winglet vortex generators on the flow topology and heat transfer rate of air over an in-line tube bank with experimental method. They found that the maximum heat transfer rate is higher than the base case around 30%, while the pressure loss increases around 40%. Lin et al. (2015) numerically investigated a fin-and-tube heat exchanger with curved delta winglet vortex generators (CDWVGs) on flow structure and heat transfer characteristic. They indicated that the CDWVG can reduce the size of wake zone and also produces the secondary flow over the test section. These behaviors help to enhance the heat transfer rate and thermal performance. Aliabadi et al. (2015) studied heat transfer augmentation in a tube heat exchanger with delta winglet vortex generators at various arrangements. They reported the thermal performance in term of performance evaluation criterion or PEC is around 1.41 at Re = 8715. Hatami et al. (2015) presented the new design of heat exchanger to recover exergy from the exhaust of diesel engine by using delta winglet vortex generators. numerically analyzed the pressure loss and heat transfer improvement in a channel with delta winglets. They claimed that the maximum j-factor and f-factor increase around 24.96% and 17.61%, respectively. Du et al. (2014) presented the heat transfer enhancement in a fin-and-tube heat exchanger with 25 o punched delta winglet pairs. They stated that the optimum PEC is around 1.23 when using the 25 o punched delta winglet pairs. Zhou and Feng (2014) experimentally investigated the heat transfer augmentation in heat exchanger with plane and curved winglet vortex generators. The influences of the three differences winglet shapes; rectangular, trapezoidal and delta, with and without punching holes were reported. They found that the curved winglet provides higher heat transfer rate and lower friction loss than plane winglet for all shapes on both laminar and turbulent regimes. Gong et al. (2015) studied the heat transfer characteristic in a fin-and-tube heat exchanger with punched curve rectangular vortex generators (CRVGs). They found that the use of CRVG provides higher heat transfer rate than the plain fin due to secondary flow and small size of wake regime. Lofti et al. (2014a) and Lofti et al. (2014b) numerically investigated in three dimensions on flow structure and heat transfer characteristic for a fin-and-tube heat exchanger with new type vortex generators; rectangular trapezoidal winglet (RTW), angle rectangular winglet (ARW), curved angle rectangular winglet (CARW) and wheeler wishbone (WW). o , were studied. They concluded that the CARW performs the best thermal performance at a small attack angle, while the RTW gives the optimal thermal performance at a large attack angle.
In the current work, the numerical investigation is selected to study the flow configuration, heat transfer characteristics and thermal performance in the circular tube with various shape winglet vortex generators due to the numerical result can describe the mechanism in the test tube. The three types of the winglet; rectangular winglet vortex generators (RWVG), delta winglet vortex generators (DWVG) and curve winglet vortex generators (CWVG) with single pitch spacing ratio (PR = 1) and flow attack angle (α = 30 o ) are compared on flow structure and heat transfer characteristic for laminar regime, Re = 100 -2000. The numerical results are presented in forms of tangential velocity vectors, temperature distributions, local Nusselt number distributions and performance evaluations. The empirical correlations on both Nusselt number ratio and friction factor ratio for the circular tube heat exchanger with the RWVG, DWVG and CWVG are also reported.
BOUNDARY CONDITION AND ASSUMPTION

Boundary condition
The boundary conditions of the circular tube heat exchanger with various winglet vortex generators are as follows: -Inlet and outlet of the computational domain for the circular tube with winglet vortex generators are set as periodic condition. -
The air with 300 K (Pr = 0.7) with a constant mass flow rate is assumed in the flow direction rather than constant pressure drop due to periodic flow conditions. -
The properties of the test fluid are assumed to remain constant at average bulk temperature.
Impermeable boundary and no-slip wall conditions are implemented over the tube wall as well as the winglet vortex generators. -
The constant temperature of the circular tube wall is maintained at 310 K while the winglet and smooth plate are assumed as adiabatic wall conditions.
Assumption
The numerical model for the fluid flow and heat transfer in the circular tube is developed under the following assumptions: -Steady three-dimensional fluid flow and heat transfer. 
MATHEMATICAL FOUNDATION
Based on the above assumptions, the flow in circular tube is governed by the continuity, the Navier-Stokes and the energy equations. In the Cartesian tensor system these equations can be written as follows: Continuity equation:
(3) where, Γ is the thermal diffusivity and is given by Pr    (4) Apart from the energy equation discretize by the QUICK scheme, the governing equations are discretized by the second order upwind (SOU) scheme, decoupling with the SIMPLE algorithm, and solved by using a finite volume approach (Patankar, 1980) . The solutions were considered to be converged when the normalized residual values were less than 10 −5 for all variables, but less than 10 −9 only for the energy equation.
Four parameters of interest in the present work are the Reynolds number, friction factor, Nusselt number and thermal enhancement factor. The Reynolds number is defined as
The friction factor, f is computed by pressure drop, p, across the length of the periodic tube, L, as
The heat transfer is measured by local Nusselt number which can be written as
The average Nusselt number can be obtained by
The thermal enhancement factor (TEF) is defined as the ratio of the heat transfer coefficient of an augmented surface, h to that of a smooth surface, h0, at an equal pumping power and given by
where Nu0 and f0 stand for Nusselt number and friction factor for the smooth tube, respectively. Fig. 5d . 
TUBE CONFIGURATION AND COMPUTATIONAL DOMAIN
NUMERICAL RESULTS AND DISCUSSION
Numerical results
The numerical results are divided into four parts; validation of the computational domain, flow structure, heat transfer characteristic and thermal performance evaluation. The flow and heat transfer profiles may help to describe the mechanism, which occurs in the tube heat exchanger that inserted with various winglets. The understanding on both flow and heat transfer behavior is a way to improve heat transfer rate and thermal performance in the test tube. The performance evaluation is separated into three parts; heat transfer, pressure loss and thermal enhancement factor.
Validation with the smooth tube and grid independence
It must be sure that the computational domain is reliable to predict the flow configuration and heat transfer characteristics, which occurs in the circular tube heat exchanger. The verifications of the domain can be divided into two parts; verification of the smooth tube and grid independence.
The verifications of the smooth circular tube with no generators are done by compared between the present results with the values from the correlations (Incropera and Dewitt, 2006) on both heat transfer and pressure loss in terms of the Nusselt number (Nu) and friction factor (f), respectively. Figs. 6a and b present the verifications of the smooth tube for the Nusselt number and friction factor, respectively. As the figures, the values on both the Nusselt number and friction loss are found in excellent agreement within ±0.05% and 0.03%, deviations, respectively. Therefore, the current computational domain is reliable to calculate the heat transfer and flow structure in the tube heat exchanger.
The grid independence is tested by comparison four sets of grid cells. The number of grid cells: 120000, 180000, 240000 and 320000, are applied to the computational domain for the circular tube heat exchanger at all types of the winglets: RWVG, DWVG and CWVG at BR = 0.20, Re = 1000 and downstream. As the numerical results, the increasing grid cells from 180,000 to 240,000 give the Nusselt number and friction factor around ±0.15% and ±0.22%, deviation, respectively. Considering on both times for simulation and accurate results, the 180,000 cells are selected for the current investigation.
Flow structure
The understanding of the flow structure can help to find the ways to improve the heat transfer rate and thermal performance in the heating system.
The 
Heat transfer characteristic
The heat transfer characteristics in the tube heat exchanger with various types of winglet vortex generators are presented in forms of temperature distributions in transverse planes and local Nusselt number distributions on the tube wall.
Figs. 11a, b and c present the temperature distributions in transverse planes with various x/D positions for RWVG, DWVG and CWVG, respectively, at BR = 0.2, Re = 1000, downstream case. In general, for the smooth tube with no winglet vortex generators, the blue contour (cold air) is found at the center of the tube, while the red contour (hot air) is found near the wall regime. As the figures, the red layer near the tube wall is thinner when using all types of the winglet vortex generators due to better fluid mixing. The thin red layer is found at the upper and lower parts of the planes, while the left and right parts present in opposite result.
Figs. 12a, b and c display the temperature distributions in transverse planes of the tube heat exchanger for RWVG, DWVG and CWVG, respectively, at BR = 0.2, upstream and Re = 1000. The use of the winglet vortex generators leads to better fluid mixing between the core of the tube and wall region for all cases similarly as downstream case. The thin red layer is found in the left and right parts of the planes, while the upper and lower parts show the reversed result.
The details of the temperature distributions in transverse planes for downstream and upstream are shown in the Figs. 13a and b, respectively. There are clearly seen in the figures that the thin red layers are found at the upper-lower parts and left-right parts of the planes for downstream and upstream, respectively. The reason of this may be that the winglet with pointing downstream can create the flows, which impinge on the upper-lower parts of the tube, while the winglet with pointing upstream generates the flows that impinge on the left-right parts of the tube.
The local Nusselt number distributions on the tube wall that inserted with RWVG, DWVG and CWVG at BR = 0.2, downstream and Re = 1000 are presented in the Figs. 14a, b and c, respectively. In general, the use of the winglet vortex generators can enhance heat transfer rate over the smooth tube with no winglet. The peaks of heat transfer regime are found at the upper and lower parts of the tube for all types of the winglet vortex generators due to the impinging flows. The RWVG performs the highest heat transfer rate, while the CWVG provides higher heat transfer rate than DWVG. In addition, the lowest heat transfer regimes are found at left and right parts of the tube heat exchanger in all cases.
Figs. 15a, b and c illustrate the local Nusselt number distributions on the tube wall for RWVG, DWVG and CWVG, respectively, at BR = 0.2, upstream and Re = 1000. The peaks of heat transfer regime are done by impinging flows, which are found in the left and right parts of the test tube. The RWVG performs the highest and largest area of heat transfer.
Performance evaluation
Performance evaluations in the tube heat exchanger with various types of the vortex generators are divided into three parts; heat transfer, pressure loss and performance. The heat transfer and pressure loss are reported in terms of the Nusselt number ratio (Nu/Nu0) and the friction factor ratio (f/f0), respectively, while the performance, which computed from both Nu/Nu0 and f/f0, is presented in term of thermal enhancement factor (TEF).
Figs. 16a and b present the variations of the Nu/Nu0 with the Reynolds number at various BRs and winglet types for downstream and upstream, respectively. Generally, the Nu/Nu0 tends to increase with the rise of the Reynolds number and BR for all cases. The RWVG provides the highest heat transfer rate, while the DWVG gives the reversed trend on both downstream and upstream cases. For downstream, the Nusselt number is found to be around 1.5 -6.2 times, 1.3 -5 times and 1.3 -5.5 times higher than the smooth tube for RWVG, DWVG and CWVG, respectively. For upstream, the use of RWVG, DWVG and CWVG gives a higher heat transfer rate over the smooth tube around 1.3 -5.8 times, 1.3 -4.8 times and 1.3 -5.2 times, respectively. The upstream case performs lower Nusselt number than the downstream case due to the weaker vortex flow.
The use of all generators not only enhance heat transfer rate, but also augment pressure loss in the test tube. The variations of the f/f0 with the Reynolds number at various BRs and winglet types are presented in the Figs. 17a and b, respectively, for downstream and upstream. In general, the rise of BR (reduced flow area) and Re results in the increasing friction loss. The highest friction loss is found in case RWVG, while the DWVG can reduce the pressure loss in the test section. The downstream performs nearly values of f/f0 with upstream case for all types of the winglet. In range studies, the friction factor is around 3.5 -1.6 times, 3 -9.5 times and 3 -13 times higher than the smooth tube, respectively, for RWVG, DWVG and CWVG.
The relations of the TEF with the Reynolds number for the tube with various types of winglet vortex generators are depicted in the Figs. 18a and b, respectively, for downstream and upstream cases. The TEF increases when increasing the Reynolds number for all cases. Almost cases give the thermal enhancement factor higher than the smooth tube with no winglet (TEF>1). The maximum TEF is found at BR = 0.2, Re = 1000 of RWVG for both downstream and upstream cases around 2.52 and 2.3, respectively. In addition, the BR = 0.1 of DWVG performs the lowest TEF on both downstream and upstream cases, but it can reduce the pressure loss in the heating system.
The relations between the Nu/Nu0 with BR at various Reynolds numbers and flow directions are shown as the Figs. 19a, b and c for RWVG, DWVG, CWVG, respectively. In general, the Nu/Nu0 increases with the rise of the BR in all cases. The BR = 0.3 performs the highest heat transfer rate, while the BR = 0.1 gives the reversed result. The rise of the flow blockage leads to enhance vortex strength or vortex intensity. The augmentation of the vortex strength results in the improvement of heat transfer rate in the tube heat exchanger.
Figs. 20a, b and c present the relations of the f/f0 with BR at various Reynolds numbers and flow directions for RWVG, DWVG and CWVG, respectively. The highest friction loss is found at BR = 0.3, while the BR = 0.1 performs the lowest value. The augmentation of the f/f0 is found to be highest in rang 0.2 < BR < 0.3, especially, RWVG. The downstream case performs nearly values of the f/f0 with upstream case for all types of the winglet vortex generators.
Figs. 21a, b and c show the relations of the TEF with BR at various cases for RWVG, DWVG and CWVG, respectively. Almost cases, the peak of the thermal enhancement factor is found at BR = 0.2 due to the BR = 0.2 gives the optimum ratio between the heat transfer enhancement and friction loss expansion in the test tube. 
Empirical correlation
As the numerical results, the empirical correlations for the Nusselt number ratio and friction factor ratio for all cases are reported. The Nusselt number ratio depends on the Reynolds number, Prantdl number and blockage ratio, while the friction factor ratio depends on the Reynolds number and blockage ratio. The values form the correlations are found around ±8% and ±10% deviations for the Nusselt number ratio and friction factor ratio, respectively, as depicted in Figs. 22 -24 
Conclusion
The numerical studies on flow structure, heat transfer characteristics and thermal performance in the tube heat exchanger inserted with various types of winglet vortex generators; rectangular winglet vortex generators (RWVG), delta winglet vortex generators (DWVG) and curve winglet vortex generators (CWVG) are examined. The influences of the blockage ratios; b/D, BR = 0.1 -0.3, flow directions; downstream and upstream and Reynolds number; Re = 100 -2000, are reported. The numerical results are presented in terms of flow structure and heat transfer behavior and compared with the smooth tube. The major findings are as follows:
The use of the winglet vortex generators can improve heat transfer rate in the test tube higher than the smooth tube for all cases. The enhancement of heat transfer rate is due to the vortex flows through the test section and the impinging flow on the tube wall. The vortex flow and impinging flow help to improve the fluid mixing between the main of the vortex flow and near the tube wall regime.
The rise of BR leads to increase heat transfer rates and friction loss for all types of the winglets. The BR = 0.3 performs highest values, while the BR = 0.1 gives the inverted result. This is because the reduction of the flow area effects for enhancing vortex strength or vortex intensity. The strength of the vortex flow is a key for heat transfer enhancement.
The RWVG gives highest heat transfer rate, while the CWVG provides higher heat transfer rate than the DWVG. The reason of this may be that the RWVG can create the strongest vortex flow through the test section, while the DWVG produces the reversed trend. The RWVG not only gives the highest heat transfer rate, but also provides the highest friction loss.
The downstream case shows a higher heat transfer rate than the upstream case, but performs nearly values of friction loss.
The use of all generators gives higher TEF than the smooth tube (TEF>1). In range investigations, the optimal TEF is around 2.52 at BR = 0.2, Re = 1000, downstream for RWVG. The enhancements of heat transfer and friction factor are around 1.3 -6.2 times and 3 -16 times over the smooth tube, respectively. 
